We obtain constraints on first-and second-generation scalar leptoquarks using the available data on dilepton (Drell-Yan) and monojet searches at the CERN Large Hadron Collider. Assuming that the leptoquark interactions respect the Standard Model gauge symmetries as well as lepton and baryon numbers, we show that the study of dilepton production enlarges the exclusion region on the mass and coupling plane with respect to the pair production searches for first-generation leptoquarks. Moreover, the monojet channel leads to a larger excluded parameter region for moderate to large values of the leptoquark Yukawa coupling than the presently available experimental results.
I. INTRODUCTION
The CERN Large Hadron Collider (LHC) has gathered a large amount of data that has been used not only to probe the Standard Model (SM), but also to look for new physics. The SM does not have any state that couples to lepton-quark pairs, therefore, the discovery of such a state would be an indubitable sign of Physics beyond the SM. In fact this is an ongoing search by the LHC collaborations; see, for instance, Refs. [1, 2] .
Leptoquarks are particles which interact with quark-lepton pairs. They appear in a plethora of models where quarks and leptons are treated in the same footing. The first appearance of leptoquarks was in the Pati-Salam model [3, 4] and they are also present in Grand Unified Theories [5] , composite models [6] , or in supersymmetric models with violation of R parity [7] . Leptoquarks modify the low-energy physics which, in turn, leads to constraints on their masses and couplings. For instance, leptoquarks might contribute to the decay of mesons [8] , induce flavor changing neutral currents (FCNC) [4, 8] , give rise to lepton flavor violating decays [9] , and contribute to the radiative correction to Z physics [10, 11] . Recently some anomalies were observed that point towards lepton flavor universality violation in neutral-and charged-current processes [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . One possible explanation to the departures from the SM is the existence of leptoquarks with masses O(TeV); see, for instance, Refs. [22] [23] [24] [25] [26] and references therein.
Since leptoquarks carry color, they can be pair produced via QCD [27] at the LHC and the main advantage of this channel is that the production cross section depends only on the leptoquark mass. Presently most of the LHC searches for leptoquarks are based on their pair production. The LHC RUN 1 data excludes first-(second-) generation scalar leptoquarks with masses smaller than 1050 (1080) GeV [28, 29] provided the leptoquark decays exclusive into a charged lepton and a jet. The already available results from LHC RUN 2 expands these limits to 1435 GeV and 1520 GeV for first-and second-generation leptoquarks, respectively [2, 30] .
Leptoquarks can also be produced singly in association with a lepton through its coupling to a quark-lepton pair [31, 32] . In fact, this process has a larger phase space than the leptoquark pair production and for O(1) couplings and 100% branching ratio into charged lepton plus up quark, the bounds (O(1.3-1.7) TeV) from the Run I data of the LHC can be even stronger than the pair production ones [33] . At the LHC it is also possible to look for indirect signs of leptoquarks in the production of charged lepton pairs [31, 32] .
Leptoquarks coupling to a neutrino and a quark give rise to monojet events due to their single production. In this case, the leptoquark decay leads to a hard missing transverse energy spectrum peaking around half the leptoquark mass. It is interesting to notice that models where leptoquarks couple to dark matter [34] with sizable branching ratios could also be constrained by these monojet searches. At the same time they alleviate other constraints due to the diminished leptoquark branching ratio to SM lepton plus quark. Moreover, the LHC collaborations also searched for leptoquarks in the mono-bottom [35] [36] [37] and mono-top quark [38, 39] channels which have been explored in the search for dark matter. These channels constitute alternatives to pair production in the case where the third-generation leptoquarks are too heavy.
If leptoquarks are too heavy to be pair produced at the LHC, single production and indirect effects in lepton pair production remain as alternatives to search for these particles [31] . In this work we study the attainable bounds on first-and second-generation scalar leptoquarks using the available data on lepton pair production and the monojet searches for dark matter [40] . Our results depend on the leptoquark mass as well as its Yukawa coupling to quarklepton pairs. As a consequence, they will yield more information on the leptoquark properties if a signal is observed, complementing the leptoquark pair production searches. We show that the study of dilepton production enlarges the exclusion region in the plane mass and coupling with respect to the pair production searches. Additionally, the monojet channel for first-generation leptoquarks also leads to a larger exclusion region than the canonical + − jj and ± νjj (with = e and µ) topologies for moderate and large values of the leptoquark Yukawa coupling. The monojet channel is also able to probe a larger fraction of the parameter space than the jjE miss T final state [41] .
II. ANALYSES FRAMEWORK
In order to describe the leptoquark interactions at the presently available energies we assume that leptoquarks are the only accessible states from an extension of the SM. Moreover, we impose that their interactions respect the SM gauge symmetry SU (3) c ⊗ SU (2) L ⊗ U (1) Y . Furthermore, due to the stringent bounds coming from proton lifetime experiments the leptoquark interactions are required to respect baryon and lepton numbers. Within these hypotheses, there are five distinct possibilities for scalar leptoquarks [42] : two SU (2) L singlet states (S 1 andS 1 ), two doublet states (R 2 andR 2 ) and one triplet (S 3 ), whose interactions with quarks and leptons are
where q L ( L ) stands for the left-handed quark (lepton) doublet, u R , d R , and e R are the singlet components of the fermions, τ i are the Pauli matrices, and we denote the charge conjugated fermion fields by ψ c = Cψ T . Moreover, we omit the flavor indices of the fermions. The couplings of the leptoquarks to the electroweak gauge bosons is determined by the SU
At low energies, leptoquarks give rise to flavor changing neutral current (FCNC) processes [4, 8, 43] that are very constrained. In order to avoid stringent bounds, we assume that the scalar leptoquarks couple only to a single generation of quarks and just one of leptons. In fact, we consider that the leptoquarks interact with the same generation of quarks and leptons. Notwithstanding, there is a residual amount of FCNC due to the mixing in the quark sector that leads to bounds on leptoquark couplings to the first two generations [44, 45] . Moreover, data on decays of pseudo-scalar mesons, like the pions, put stringent bounds on leptoquarks unless their couplings are chiral -that is, they are either left-or right-handed [8, 44, 45] . As a rule of a thumb, the low-energy data constrain first-generation-leptoquark masses to be larger than 0.5-1.0 TeV for leptoquark Yukawa couplings of the order of the proton charge e [46] .
In our analysis we focus on leptoquarks that conserve fermion number F = 3B + L, i.e. the states R 2 andR 2 . For the sake of simplicity, we assume that leptoquarks belonging to a given SU (2) L multiplet are degenerate. We study the following scenarios that satisfy the described low-energy bounds:
1.R 2 coupling only to the first generation, i.e. only to down quarks, electrons and its neutrino. We label this scenario asR d 2 .
2. R 2 coupled to the first generation and exhibiting only left-handed interactions (h 2R = 0). In this case the leptoquarks interact with up quarks, electrons and the respective neutrino. We refer to this scenario as R L 2 .
3.R 2 coupling only to the second generation -that is to strange quarks, muons and the corresponding neutrinos. We call this scenarioR s 2 .
These scenarios allows us to obtain bounds on other leptoquarks. For instance, the constraints on R 2 (second scenario) originating from the dilepton data can be easily translated into bounds on the singlet S 1 or the third component of the triplet S 3 . On the other hand, the dileptons limits in the first scenario can be readily transposed toS 1 and one component of S 3 . Furthermore, theR s 2 case is the one leading to the strongest constraints on second-generation leptoquarks.
In order to study leptoquarks at the LHC we consider their indirect effects in Drell-Yan processes [31] pp
as well as in monojet searches
In the Drell-Yan 8 TeV analyses we use the data in Ref. [47] that contain the e + e − and µ + µ − invariant mass distribution in the fiducial region defined by the leading (subleading) lepton having p T > 40 GeV (30 GeV) and both leptons within the rapidity range |η| < 2.5. These results are given at QED Born level which simplifies the comparison with the leptoquark predictions. Since the 13 TeV Drell-Yan analyses have not been released by ATLAS and CMS we use the data on searches for new resonances decaying into lepton pairs given in Refs. [48, 49] Table 3 As for the monojet analysis, we use the CMS results [40] at 13 TeV with an integrated luminosity of 35.9 fb −1 . The CMS analysis was done as a counting experiment in 22 independent signal regions satisfying E miss T > 250 GeV, p jet T > 100 GeV and |η j | < 4.5. For each of the above experiments and channels, we extract from the experimental publications the observed event rates in each bin N i obs , the background expectations N i bkg , and the SM predictions N i SM , as well as the statistical and systematic errors. In order to confront the leptoquark predictions with the available data, first we simulate the processes (2.2) and (2.3) using MadGraph5 aMC@NLO [50] with the UFO files for our effective lagrangian generated with FeynRules [51, 52] . The 8 TeV Drell-Yan simulation was carried out in next-to-leading order QCD at the parton level while the 13 TeV dilepton analyses were done in leading order using PYTHIA [53] to perform the parton shower, while the fast detector simulation was carried out with Delphes [54] . In the jet plus missing transverse momentum analysis we [47] , the CMS monojet search at 13 TeV (blue) [40] , the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [48, 49] , and the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2, [28] [29] [30] . Right: combined limits including all searches (solid blue) and excluding only the monojet one (dashed blue).
merged the Monte Carlo simulations containing 0, 1 and 2 jets and performed the jet matching. In order to account for higher order corrections and additional detector effects we normalized bin by bin our dilepton simulations to the corresponding ones performed by the experimental collaborations. Then we apply these correction factors to our simulated distributions taking into account the leptoquark contributions.
In order to perform the statistical analysis we defined a χ 2 function for the dilepton analysis given by 2 4) where N sig are the signal events obtained for the different models using the corrections factors and σ i bkg are the uncertainty on the background obtained by the experiments. Here m R (λ) stands for the leptoquark mass (Yukawa coupling). On the other hand, for the monojet searches we used a gaussian likelihood containing the correlation between the different bins obtained in Ref. [40] 
where σ 2 i = σ i ρ ij σ j and ρ is the correlation matrix. Finally, the combined results are obtained with the following χ 2 : [47] , the CMS monojet search at 13 TeV (blue) [40] , the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [48, 49] , and the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2, [28] [29] [30] . Right: combined limits of the Drell-Yan and dilepton searches.). Right: combined limits including all searches (solid blue) and excluding only the monojet one (dashed blue).
III. RESULTS
We start our analyses considering the first-generation scenarios. In Figure 1 we present the results of our analyses for theR d 2 case. The left panel of this figure depicts the excluded regions at 95% CL for each of the four data sets described in the previous section. The shaded purple region on the left of the curve is excluded by the Drell-Yan analysis of the ATLAS 8 TeV search. The blue area is excluded by the CMS monojet analysis at 13 TeV, while the CMS and ATLAS dilepton analysis of 13 TeV data exclude the yellow and red regions, respectively. Finally, for the sake of comparison, the solid and dashed black lines show the exclusion from the pair production experimental searches at 8 and 13 TeV, respectively. As we can see, the most stringent limits from masses above 1 TeV originates from the ATLAS data on the search of new resonances decaying into e + e − pair [48] . On the other hand, in the low mass region ( 1 TeV) the monojet data leads to stronger limits on the leptoquarkR 2 than the dilepton analysis.
When we combine the three datasets on dileptons, as shown by the dashed blue curve in the right panel of Fig. 1 , we see that the bounds are basically due to the ATLAS 13 TeV data on dileptons, except for masses smaller than 700 GeV where the stronger limits come from the 8 TeV Drell-Yan analysis. Furthermore, the inclusion of the monojet data in the combined χ 2 strengthen the limits for low leptoquark masses, as shown by the solid blue curve. It is important to keep in mind that the combination of dilepton and monojet constraints is only possible because we assumed that the leptoquarks belonging to the multipletR 2 are degenerate.
We expect stronger constraints on the R L 2 scenario than on theR d 2 one since the former couples to up quarks while the latter to down quarks. This indeed happens as shown in Figure 2 . In the left panel the purple, blue, yellow and red shaded regions correspond respectively to 95% CL limits from 8 TeV ATLAS Drell-Yan, 13 TeV CMS monojet, 13 TeV CMS dilepton and 13 TeV ATLAS dilepton searches. Moreover, the black solid and dashed lines denotes the 95% CL experimental constraints from pair production at 8 and 13 TeV.
We learn from the left panel of this figure that for masses below 1 TeV the monojet data give rise to the tighter bounds than the dilepton study. On the other hand, for larger masses the ATLAS dilepton data at 13 TeV and the [47] , the CMS monojet search at 13 TeV (blue) [40] , the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [48, 49] , and the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2, [28] [29] [30] . Right: combined limits including all searches (solid blue) and excluding only the monojet one (dashed blue). ATLAS 8 TeV Drell-Yan data lead to similar constraints. Despite the lower integrated luminosity and energy the 8 TeV Drell-Yan limits are similar to the 13 TeV ones since the Drell-Yan cuts and presentation of the data are more suitable for the present study.
The right panel of Fig. 2 contains the limits obtained combining the dilepton datasets only (dashed blue curve) as well as limits including the monojet one (solid blue line). In this scenario, the combined dilepton bounds are tighter then the separate limits. Moreover, the inclusion of the monojet data give rise to stronger limits for masses below 1 TeV.
The scenarioR s 2 provides the strongest limits on second generation leptoquarks due to its coupling to strange quarks. We display in Figure 3 the results for this scenario, with the same color coding of the previous Figures. The most stringent dilepton limits come from the 8 TeV Drell-Yan analysis with the ATLAS and CMS 13 TeV data leading to similar weaker constraints; see the left panel of this figure. Moreover, the impact of the monojet is similar to the ones of the other cases: the monojet data leads to the best bounds for small to moderate Yukawa couplings, due to the small dilepton cross section at small couplings. This fact can be clearly seen on the left panel of this figures that depicts the results combining only the dilepton searches (blue dashed curve) or including the monojet dataset (solid blue line). The left panel shows also that, for this scenario, the pair production searches still give the strongest constraints.
IV. DISCUSSION
The indirect leptoquark signal in the Drell-Yan process is complementary to the pair production searches since it is able to probe higher leptoquark masses. On the other hand, the indirect analysis requires the introduction of the unknown leptoquark Yukawa coupling. To illustrate this point let us focus on the 8 TeV data and first-generation leptoquarks. From the left panel of Fig. 1 we see that the analysis of indirect effects on the Drell-Yan production expands the excluded region by the pair production search for Yukawa couplings λ 0.5. In fact, the 8 TeV indirect limits are still more stringent than the direct searches at 13 TeV for Yukawa couplings λ 0.7. Moreover, when we consider all available 13 TeV data, the indirect limits are stronger than the pair production ones for Yukawa couplings λ 0.5 and extend the exclusion region to leptoquark masses of the order of 3.5 TeV if the leptoquark Yukawa coupling is λ ∼ 1.
The importance of the indirect effects is even more dramatic when we consider the R L 2 scenario where the scalar leptoquark couples to up quarks. Indeed, Fig. 2 shows that the 8 TeV Drell-Yan limits are more stringent than the presently available 13 TeV direct search limits for Yukawa couplings λ 0.25. In addition, the combined 8 and 13 TeV dilepton data allow the exclusion of leptoquarks with mass smaller than 7 TeV provided the Yukawa coupling is λ ∼ 1. In the case of second generation leptoquarks, scenarioR s 2 , the impact of the leptoquarks in the dilepton invariant mass spectrum is much smaller due to its coupling to strange quarks. Therefore, the indirect limits turn out to be milder than the pair production ones that proceed through strong interactions; see Fig. 3 .
Our monojet analyses lead to limits that complement the dilepton studies at low leptoquark masses (smaller than 1 TeV). For large Yukawa coupling, e.g. λ ∼ 1, the monojet analysis exclude leptoquarks with masses up to 2 TeV (950 GeV) for first-(second-) generation leptoquarks. Notwithstanding, for this region of Yukawa couplings the indirect dilepton process leads to much stronger constraints. Furthermore, our results indicate that the monojet channel and the single production of leptoquarks decaying into a charged lepton and a jet [33] have similar capability to search for these particles. On the other hand, for second generation leptoquarks the monojet search is not competitive with respect to the dilepton analysis.
Confronting the monojet bounds on first-generation leptoquarks with ones originating from the ongoing studies of the + − jj and ± νjj topologies [2] , we learn that the monojet search leads to tighter bounds than these pair production searches only for Yukawa couplings λ 0.7 in theR L 2 scenario. Furthermore, our results show that the monojet channel extends considerably the exclusion limits originating from leptoquark pair production followed by their decay into a jet and a neutrino, i.e. the jjE miss T channel [41] .
Finally, we can abandon the hypothesis of degeneracy of leptoquarks belonging to the same multiplet if we consider separately the dilepton and monojet constraints. In this case, we have to examine the couplings of each component of the leptoquark multiplets:
1. the dilepton bounds onR d 2 applies to all leptoquarks that couples to electrons and down quarks, that is,S 1 , the components 1 and 2 of S 3 , the down component of R 2 with right-handed couplings, and the up component of 3. the monojet analyses labeledR d 2 is the same for S 1 , the third component of S 3 and the down component of R d 2 . Our R L 2 monojet study is valid for the components 1 and 2 of S 3 and the down component of R 2 with left-handed couplings.
V. CONCLUSIONS
In this work, we have considered collider constraints on first-and second-generation leptoquarks. In particular, we studied theR 2 scalar leptoquark model with couplings only to the right-handed down (strange) quark and the first-(second-) generation lepton doublet, and the R 2 scalar leptoquark model with couplings only to the right-handed up quark and the first generation left-handed lepton doublet. Stringent experimental bounds on leptoquarks come from their pair production followed by their prompt decays. This production mechanism is independent of the leptoquarks Yukawa coupling. For large leptoquark Yukawa couplings, on the other hand, single production becomes important. This is especially relevant for couplings with the first generation quarks because of their large parton distribution functions.
Our results show the importance of the search for leptoquark effects in the Drell-Yan process since it allows to extend considerably the reach in leptoquark mass for moderate to large leptoquark Yukawa couplings. For example, the scalarR 2 (R 2 ) leptoquark model with couplings to the first-generation quark is excluded up to ∼ 3.2 (∼ 5.6) TeV for λ ∼ 1, overcoming the pair production limits 1.5 TeV. In addition, we showed that the monojet channel is a viable alternative to further probe leptoquarks. Moreover, should a signal arise at the LHC, these kind of processes would give more information on the leptoquark properties, given their dependence on the leptoquark mass and Yukawa coupling.
Finally, we discussed how to interpret the results obtained in this work if we abandon the hypothesis of degeneracy of the leptoquarks belonging to the same SU (2) multiplet and the possible connection to constraints on the singlet (S 1 ) or each component of the triplet (S 3 ) scalar leptoquark models.
